Abstract-Owing to its spectral efficiency, bidirectional relaying is a promising candidate for information exchange in multiple-user cooperative networks. When the network is limited by resource constraints, amplify-and-forward (AaF) relay protocol is often the choice due to its simplicity and ease of use. Power allocation for AaF protocol has been extensively studied in unidirectional relay networks but how it can be implemented in two-way multiple-relay multiple-user networks has yet to be addressed. In this paper, we consider the adaptive power allocation in bidirectional AaF multiple-relay multipleuser networks. We show that when the multiple-user interference can be removed by a robust channel assignment algorithm, power allocation by maximizing the instantaneous sum rate or minimizing the symbol error rate can be suitably casted as a geometric programming (GP) problem. Simulation results show adaptive power allocation by GP outperforms that of equal power allocation scheme particularly when there is a single serving relay, and the gain can be as substantial when there are multiple serving relays.
I. INTRODUCTION
Cooperative communication is a new paradigm in communication theory which is envisioned to bring forth significant improvements for both WiMax and LTE-advanced mobile systems [1] . By relaying the same message over multiple independent relay channels, the diversity order of the end users can be increased to combat fading without any significant increase in the cost and size of the mobile unit [2] , [3] . Although unidirectional relay networks, i.e., one-way relaying, has been extensively studied with both decode-and-forward [4] and amplify-and-forward (AaF) [4] - [7] protocols, it is spectrally inefficient when relaying messages in between the users [8] . The groundbreaking work by Shannon on the two-way relaying channel, i.e., bidirectional relaying, in [9] bypasses this problem and ensures that the two-way communication between two users can enjoy improved spectral efficiency compared with the traditional one-way relaying [8] . Despite of the many proposed protocols for relaying, resource allocation such as power assignment is one of the most crucial aspect of the cooperative communication due to the stringent resource limitation and the unpredictable nature of the wireless medium.
Being the simplest and easiest form of relaying, power allocation for AaF protocol has been extensively studied in unidirectional relay networks [4] , [6] , [7] , [10] , [11] . Power allocation based on both signal-to-noise ratio (SNR) maximization and outage probability minimization is considered in [10] , and that for symbol error rate (SER) minimization is considered [4] for a single-relay network under Rayleigh fading. In [6] , optimal power allocation based on outage minimization subject to total power constraint is studied for multiplerelay networks, where relaying is performed by orthogonal relay channels. Zhao et. al. [7] compares between optimal power allocation by maximizing the instantaneous mutual information and selecting a relay which provides the maximum end-to-end SNR in a multiple-relay system. In multiple-user setting with time-division multiple access (TDMA), Phan et. al. [11] allocates power in single serving relay networks according to several quality-of-service criteria, and jointly considers the admission control problem. For bidirectional AaF relaying, power allocation has been considered in [12] - [15] . In [12] , power allocation aims at maximizing the average sum rate in single-relay networks. In a similar setting, [13] further considers allocation by minimizing the outage probability in Rayleigh fading channels. When there are multiple relays, power allocation according to design rules such as maximizing the instantaneous sum rate or minimizing the outage probability are studied in [14] . In multiple-user single AaF relay networks with either TDMA or frequency-division multiple access (FDMA), [15] considered power allocation by maximizing the upper bound to the instantaneous sum rate.
In this paper, we consider the adaptive power allocation in bidirectional AaF multiple-relay multiple-user networks. Although the sum of harmonic mean functions from multiplerelay multiple-user networks is often a non-linear non-convex function, we show that when the multiple-user interference (MUI) can be removed by a robust channel assignment algorithm such as the orthogonal frequency-division multiple access (OFDMA), power allocation by maximizing the instantaneous sum rate or minimizing the asymptotic symbolerror rate (SER) subject to total power and individual power constraints can be suitably casted as a geometric programming (GP) problem [16] , [17] which can be efficiently solved by the convex optimization algorithm [18] . Simulation results show adaptive power allocation by GP outperforms that of equal power allocation scheme particularly when there is a single serving relay, and the gain can be as substantial when there are multiple serving relays in the network.
The rest of this paper is as follows: Section (Sec.) II describes the system model, Sec. III outlines the power al-location problem by maximizing the instantaneous sum rate, Sec. IV outlines the power allocation problem by minimizing the asymptotic SER, Sec. V evaluates our adaptive power allocation schemes and compares to the equal power allocation scheme. Finally, concluding remarks are provided in Sec. VI.
II. SYSTEM MODEL
The system model for the kth pair of users in bidirectional multiple-relay multiple-user network is shown in Fig. 1 . We consider K pairs of users for a total of 2K users. Each pair of users communicates with a fixed J k number of relays for j = 1, 2, . . . , J k in half-duplex mode, where J k = |J k | is the number of active relays connecting to the kth pair of users so J k is the set of active relays connecting to the kth pair of users 1 . Each user within a pair of users communicates in a two-phase transmission. We assume all active relays 2 to transmit in orthogonal time slots in a predefined order according to certain rules, and we further assume that there is no MUI in between all of the pairs of users 3 . For example, 2 illustrates the channel assignment scheme employing the OFDMA for J relays and 2K multiple users. In the first phase, both sources from the kth pair of users broadcast to all relays simultaneously. The received signal at the jth relay can be written as
where h kj and g jk are the fading channel gains between S k1 and the jth relay and between S k2 and the jth relay, respectively, P S ki , i ∈ {1, 2} are the transmitter source powers, 
jk2 for channels h kj and g jk , respectively. We assume the channels to remain static during the entire phase of the multiple-user relay communication.
The active relay then scales the received signal energy according to the instantaneous power scaling (IPS) rule and forwards the message to both sources in the second phase in accordance to the AaF protocol [2] . The received signal at the two sources of the kth pair of users from the jth relay can now be written as
where P kj is defined as the jth relay power for the kth pair of users,
is the CSZWGN at the source with variance σ
The second term in (2) is the self-interference which can be removed completely since the source knows the data sent. For IPS, the square of the scaling factor is β
We now perform the maximum ratio combining (MRC) scheme [4] , [6] , [7] at the pair of users as follows
978-1-4244-5638-3/10/$26.00 ©2010 IEEE where (·) * denotes the complex conjugate operation, and we have assumed that the noise components are independently and identically distributed (i.i.d.) CSZWGN with common variance N 0 , i.e., N kj = N S ki = N 0 . For the MRC in (3), we have assumed that both sources can obtain perfect channel state information (CSI) and the CSI from the opposite source can be acquired through an error-free feedback channel. Substituting β kj into (3), the end-to-end signal-to-noise ratio (SNR) then becomes
where 
III. POWER ALLOCATION BY MAXIMIZING INSTANTANEOUS SUM RATE
Assuming all relaying are performed in orthogonal time slots, the optimization problem to maximize the instantaneous sum rate in the multiple-user network can be formulated as
s.t.
where P T OT is the total power constraint of the entire multiple-user network, and
is the bandwidth factor whose value depends on the number of relays being active, i.e., P kj = 0, j = 1, . . . , J, during the kth pair of users transmission. The constraints in (6)- (8) 
A. Single-relay Two-way System
For this paper, we may simplify (5)-(8) by assuming that there exists a single relay that is used to serve multiple pairs of users then the objective function can be expressed as
where
PS k1 γ h k1 +(P k1 +PS k2 )γg 1k +1 . The above objective function can be turned to an equivalent minimization problem that can be solved by geometric programming (GP) [16] , [17] with an efficient convex optimization algorithm such as the CVX [18] . Transforming the summation into the log 2 (·) argument as a product in (9), the equivalent problem in (5)- (8) for single-relay system can now be stated as
B. Multiple-relay Two-way System
For simplicity, we assume there is no relay selection so the problem is more complicated than the single-relay case. Motivated by [14] , our main idea is to solve for the simpler suboptimal power allocation problem by maximizing the lower bound to the high SNR sum capacity approximation. The high SNR sum capacity lower bound can be written as
where C = K J+1 log 2 J is a constant term which can be removed in the optimization. The second line in (17) follows from Jensen's inequality. So, the final problem is equivalent to maximizing the lower bound to the original problem, c.f., 978-1-4244-5638-3/10/$26.00 ©2010 IEEE (5), without the high SNR approximation. Now, transforming the summations into the argument of log 2 (·) as products, the power allocation optimization problem can be formulated into a GP problem as
For the GP in (18)- (24), care must be made such that each z kji , i = 1, 2 remains as a single auxiliary variable of posynomials [16] . This can be realized by vectorization and imposing additional equality constraints on the individual source powers.
IV. POWER ALLOCATION BY MINIMIZING SER
We also consider the case of power allocation by minimizing the average system SER subject to both total and individual power constraints. However, minimizing the system SER is not easy due to the non-convexity of the primal problem. In order to make the power allocation problem more tractable, we design the power allocation scheme by minimizing the lower bound of the system SER. We first derive the individual user SER of the kth pair of users under M -ary phase shifted keying (PSK) modulation with the asymptotic SNR assumption. Then, transforming the single user asymptotic SER expression into the form of power allocation by minimizing the system SER in multiple-user networks. We would like to stress that our power allocation strategy can be easily generalized to other linear digital modulations.
A. Asymptotic SER of Single-pair of Users
The SER of the ith user in the kth pair of users can be expressed as [19] 
where g PSK = sin 2 (π/M ), and M γ kji (·) is the moment generating function (MGF) of the jth relay to the ith user in the kth pair of users. To approximate (25) in an asymptotic manner, we first rewrite the jth relay end-to-end SNR for the 1st user for high SNR as follows 
for any . By invoking the asymptotic property of Theorem 1 together with the linearity property of the MGF, the SER of the 1st user in the kth pair of users becomes
With an interchange of variables on the exponential means for the 2nd user, the average SER of the kth pair of users can be lower bounded as P se k ≥P se k = 1 2 (P se k1 +P se k2 ).
B. Multi-pair Two-way System
In a system with multiple pairs of users, we allocate power based on minimizing the average SER of the entire network, i.e., P seTOT = 1 K K k=1 P se k , subject to total and individual power constraints. Due to the nonconvexity of the primal problem, we minimize the lower bound instead, i.e., P seTOT ≥ 1 K K k=1P se k . Hence, the optimization problem can be formulated as
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The optimization problem above is in the form of sum of products of posynomials, which can be solved efficiently with GP. Please note that care must be observed such that t kji , i = 1, 2 remains as a single auxiliary variable of posynomials. The optimization problem in (29)-(35) can be easily casted for a single pair of users network by setting K = 1.
V. SIMULATION RESULTS
We conduct simulation with the CVX [18] optimization toolbox to verify the proposed adaptive power (Apt. Pwr.) allocation scheme while comparing to the equal power (Eq. Pwr.) allocation scheme in bidirectional AaF multiple-user network. The simulation setup is as follows. We assume independent Rayleigh fading with path loss exponent α = 4 on all of the multiple-user channels 5 . The distance between the two users is normalized to unity, i.e., d kj1 + d jk2 = 1 for k = 1, . . . , K. Similar to [14] , we assume that all relays are located in a line through the two pair of users to minimize the path loss, and for simplicity d kj1 ∼ U(0, 1), where U(a, b) denotes a uniform distribution taking on the value in between a and b, and d kj2 = 1 − d kj1 for k = 1, . . . , K. We further assume that the entire system has a common noise variance of unity, i.e., N 0 = 1, and we use uncoded 4-ary PSK modulation for simplicity. The results shown are averaged over 1, 000 independent trials, and 100 bit error counts. Fig. 3 plots the average sum rate versus number of pairs of users K with a single serving relay, i.e., J = 1, as SNR 6 varies from 10 to 20 dB. Obviously, the adaptive power allocation using GP is more superior since it can attain to higher average sum rate than the equal power allocation at all SNR settings. The average sum rate increases as SNR and K increase which is as expected from (5). Fig. 4 plots the average sum rate versus total system SNR with a single serving relay, i.e., J = 1, as K takes on discrete values of 1, 5, and 11. When there are a pair of users sharing resources, power allocation by adaptive method clearly outperforms that of the equal allocation. However, as K increases the gain in optimization diminishes since less power is distributed to a particular user. The sum rate increases as K increases which conforms to (5) .
A. Power Allocation by Sum Rate Maximization
We plot Fig. 5 to validate our adaptive power allocation scheme over equal allocation scheme in a multiple-relay system. We assume a K = 2, i.e., 4 users, system with J = {1, 3, 6, 9}. As shown, adaptive allocation scheme outperforms the equal allocation scheme. However, both schemes suffer from a diminishing sum rate as J increases since the rate decreases as J increases, c.f., (5) . In the case when the 5 We may also consider i.i.d. Rayleigh fading channels, but the improvements due to power optimization would remain similar. 6 We define the SNR as the total system SNR, i.e., P T OT /N 0 . CSI are known a priori at the relays, we can select the best relay or a subset of good CSI relays to forward the message thus overcoming the diminishing sum rate problem. The issue of relay selection is beyond the scope of this paper.
B. Power Allocation by Minimizing SER
We confirm the robustness of our SER minimization algorithm first in a single-pair network, i.e., K = 1 for 2 users. Fig. 6 plots the average SER as the total system SNR varies, and we have included (27) from Theorem 1 to evaluate the SER lower bounds. Clearly, our scheme outperforms that of equal power allocation while both match fairly well to the MGF lower bounds. The negligible differences in between (27) and simulations for the case of power optimization are namely due to numerical round off errors. Fig. 7 plots the average system SER versus total system SNR in bidirectional multiple-user networks with K = 2, i.e., 4 users, as J = {1, 3, 5}, with the SER lower bounds from Theorem 1. Similar to the single pair of users case, our adaptive power allocation scheme significantly outperforms that of the equal power allocation. Furthermore, the simulation 978-1-4244-5638-3/10/$26.00 ©2010 IEEE Eq. Pwr., J = 1 Eq. Pwr., J = 3 Eq. Pwr., J = 6 Eq. Pwr., J = 9 Apt. Pwr., J = 1 Apt. Pwr., J = 3 Apt. Pwr., J = 6 Apt. Pwr., J = 9 VI. CONCLUSION In this paper, we have considered the adaptive power allocation in bidirectional AaF multiple-relay multiple-user networks. We have shown that with the OFDMA channel assignment scheme, power allocation by maximizing the instantaneous sum rate or minimizing the SER subject to total power and individual power constraints can be suitably casted as a GP problem. Simulation results have shown that adaptive power allocation by GP outperforms that of the equal power allocation scheme.
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